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ABSTRACT
Due to the fact, that the performance of a hermetic reciprocating compressor is significantly affected by the
temperature of the refrigerant entering the compression chamber, it is of utmost importance to determine
the cylinder inlet temperature when it comes to the improvement and the development of a compressor.
Especially the physical phenomenon of suction gas heating which occurs due to the heat transfer between the
heat sources inside the compressor and the inflowing refrigerant with low temperature has to be examined to
infer the cylinder inlet temperature and thus the performance of the entire compressor. The main motivation
for this investigation is based on the fact that the currently used suction line design of a compressor model
allows small liquid droplets included in the largely gaseous refrigerant to be sucked in, which leads to
irregularities in the compression process and in various cases to the destruction of the compressor. The
trigger for this circumstance is the defrosting mechanism in the evaporator, which melts the frost that
has formed in the cooling element. The evaporator is usually equipped with a channel through which
the liquid is supposed to drain. However, some of this liquid sometimes ends up directly in the suction
line because it mixes with the refrigerant before it enters the compressor. From a thermodynamic point
of view, the deliberations to remedy this problem place new requirements on the design of the suction
line. The superordinate objective of this paper is to draw a meaningful comparison of different suction line
configurations, while taking the cooling capacity, the power consumption and the coefficient of performance
of this compressor into consideration. To examine the effects of the various design changes on the suction
gas heating process, three-dimensional flow simulations are suitable for computing the different cylinder inlet
temperatures. With the intention to reach maximum accuracy of the numerically obtained solutions, a mesh
refinement study is performed on the one hand, and experimentally determined temperature values inside
the compressor are defined as non-adiabatic wall boundary conditions on the other hand. In addition to the
visualization of the suction gas heating process, the greatest benefit of these simulations is the calculation
of the cylinder inlet temperatures, which can be used for the numerical determination of the compressor
parameters in relation to its performance. Aiming to validate the results calculated with modern computer
technology, experimental measurements of the operating compressor are generated with a calorimeter and
compared with one another. As a result, it is finally possible to agree on a compressor design that not only
prevents the liquid droplets from being sucked in, but also shows the lowest loss of compressor performance
with the smallest increase of the cylinder inlet temperature.
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1. INTRODUCTION
Lang (2010) states, that nowadays, approximately 22% of the electrical power consumption in a household
is used for cooling and freezing, which is why the demand for more energy-saving compressors is steadily
increasing. Furthermore, other sales arguments such as noise behaviour, pulsations at the compressor outlet,
next to factors such as price and durability are decisive for a successful position of the product on the market.
For this purpose, the application of numerical flow simulations to explore highly complex physical processes
is of prime importance when it comes to the development and optimization of hermetic reciprocating compressors. By numerically solving the Navier-Stokes equation, the flow variables such as density, pressure,
temperature, velocity etc. can be calculated in the individual points of the flow area previously discretized
by generating a computational mesh. If the generation of a suitable flow model with the closest possible
reference to reality succeeds, the Computational Fluid Dynamics (CFD) simulations deliver results with high
accuracy. Nonetheless, the results of the simulations represent approximate solutions of the partial differential equations, which above all lose reference to the real flow due to the simplifications of the geometry.

Figure 1: Three-dimensional model of the investigated baseline compressor
Figure 1 shows the three-dimensional (3D) model of the investigated baseline compressor in ANSYS DesignModeler including the suction line with the suction connector and the suction muffler, the cylinder system
with the valve plate and the crank-train mechanism, the discharge line with the discharge connector, the
electric motor and the process connector representing the right upper tube of the compressor housing.

1.1 Suction line
According to Posch (2017), the gaseous refrigerant with low pressure flows from the evaporator into the
compressor and then along the suction line before it arrives in the cylinder, where its pressure is increased
by piston motion driven by a crank-train mechanism. Lang (2010) pointed out, that the suction line of a
hermetic reciprocating compressor consists of a suction connector which ensures the inflow of the refrigerant,
next to a suction muffler, which guides the inflowing refrigerant into the cylinder system as cool as possible
and with as little pressure loss as possible. Furthermore, the suction muffler is intended to dampen the noise
that arises when the valves are open and thus when the refrigerant is sucked in or discharged from the cylinder.
In compressor technology a distinction is made between three different types of suction lines, namely a
direct suction, a semi-direct suction and an indirect suction. In case of the baseline model a semi-direct
suction line is used, which means that the suction connector and the suction muffler are neither directly nor
indirectly connected. Semi-direct suction is defined as a suction line in which the suction connector is not
physically connected to the muffler, but is in line with the suction muffler inlet, as shown in Figure 2. As
there is no physical connection, a part of the refrigerant flows into the cavity, where it is heated up by hot
compressor components and mixes back into the fresh refrigerant afterwards. In contrast to this, the entire
mass flow enters the cylinder system when using direct suction, leading to the greatest possible coefficient
of performance of the compressor as the refrigerant is heated up the least during the suction process.
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1.2 Problem formulation
Figure 2 represents the 3D model of the semi-direct
baseline suction line with its two components. It
is a fact, that the semi-direct suction line provides
good values for the cooling capacity, the power consumption and the coefficient of performance in consequence. Nevertheless, the main disadvantage of this
design is rooted in the arrangement of the suction
connector and in the geometry of the suction muffler,
as they are oriented in the same direction. This allows the suction of liquid droplets which mix into the
refrigerant during defrosting of the evaporator. This
happens with the currently used semi-direct baseline
suction line in various cases, which means that the
design of the baseline suction line has to be improved Figure 2: Semi-direct suction with baseline muffler
by implementing a rearrangement of the suction connector or a redesign of the baseline suction muffler
including the misalignment of these two components to guarantee an error-free operation. However, for such
an investigation the loss due to the heat transfer between the compressor parts must not be neglected as it
tremendously affects the heating of the refrigerant along the suction line and therefore the performance of
the compressor as well. If the refrigerant flows in the direction of the compression chamber with a specific
mass flow, it is heated up by various heat sources inside the compressor. Next to the heat generation in
the compression chamber itself, there is heat loss in the electric motor. Furthermore, some heat is released
through the compressor housing into the surrounding environment. This reduces the density at the outlet of
the suction muffler and consequently there is a reduction of mass flow into the compression chamber at the
same time. Due to the higher cylinder inlet temperature the specific indicated work increases, as a result of
which the coefficient of performance decreases. In general, an increase of the cylinder inlet temperature by
1◦ C leads to a reduction of the coefficient of performance by 0.33% (Lang, 2010).
COP =

ϕ
P

(1)

According to Cerbe et al. (2005), the coefficient of performance (COP) is defined by the ratio of the cooling
capacity ϕ to the power consumption of the compressor P as outlined in Equation 1. With respect to the
Vapor-Compression-Refrigeration-Cycle (VCRC) the cooling capacity is the heat which is absorbed by the
refrigerant at low temperature through evaporation, whereas the power consumption is the electrical power
which is consumed by the compressor in order to compress the gaseous refrigerant. Hence, the COP is
a dimensionless number, representing the amount of heat which can be absorbed by the refrigerant when
consuming a certain amount of compressor power coming from the power grid.

1.3 Main objective
The main objective of the presented work is to find a suction line design which meets the highest standards
in compressor technology. In order to meet environmental requirements, which strive for a continuous
reduction in power consumption, the loss of suction gas heating has to be avoided to achieve a coefficient
of performance which is as great as possible. Next to this, the phenomenon of liquid separation has to be
integrated into the new design, in order to avoid the suction of liquid droplets. First of all, four new designs
which are examined by means of numerical flow simulations are presented. Aiming to increase the accuracy
of the CFD simulations, a mesh refinement study is done before the settings of the simulations are discussed.
Then the numerically calculated cylinder inlet temperatures are outlined, from which conclusions can be
drawn with regard to the performance of the different designs. With the intention to validate the obtained
temperature values, results of measurements carried out with a calorimeter are used to prove the strengths
of numerical flow simulations. Last but not least, the four investigated configurations can be compared with
the semi-direct baseline suction line in relation to the temperature values and the performance parameters,
which leads to a hierarchy of the different suction line designs as the main finding of this paper.
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2. METHODS
In this section four different suction line designs - namely the direct suction with the baseline muffler, the
indirect suction with the proposed muffler, the indirect suction with the closed muffler and the indirect
suction with the process connector - are discussed, next to the previously introduced semi-direct suction
with the baseline muffler. Besides this, the simplifications and the geometry preparation of the compressor
model are outlined. Moreover, the mesh refinement study is presented, whose purpose is to optimize the
mesh in order to find the final mesh for the ensuing numerical flow simulations. Finally, the settings of the
CFD simulations are shown with reference to the boundary conditions and the used refrigerant R404a.

2.1 Suction line designs
Next to the standard configuration using the semi-direct suction with the baseline muffler represented in
Figure 2, the direct suction with the baseline muffler is the first design which was implemented. Hereby, the
same geometry regarding the suction connector and the suction muffler is applied, but these two components
are connected directly by a rubber serving to guide all of the refrigerant directly into the suction muffler.
This first configuration shows the highest coefficient of performance, as the loss due to suction gas heating
is the lowest. This is the case because the refrigerant is not able to heat up through heat convection from
other compressor components like the electric motor or the housing. Nevertheless, this first design does not
guarantee the principle of the misalignment meaning that all liquid droplets coming from the evaporator are
sucked into the compression chamber and cause problems there.
The second design includes a change in suction muffler geometry. As visualized in Figure 3, the indirect
suction with the proposed muffler possesses a new design of the inlet tube to the muffler itself. Using the
baseline suction connector and the proposed muffler
in combination, it is obvious that indirect suction is
implemented. Here, the misalignment of the suction
connector and the muffler is ensured which leads to
a mass flow of the refrigerant into the housing and a
distinctive suction gas heating process in consequence.
Nonetheless, the liquid droplets are not sucked in by
the cylinder system because they hit the outer walls
of the suction muffler due to their inertia.
Furthermore, the third design shown in Figure 4 exhibits an alteration of the suction muffler as well. The
core of the indirect suction with the closed muffler is
the baseline muffler. However, the only difference lies
in the first tube of the muffler again. Basically, this
design could be named inverse baseline muffler, as it
is the baseline muffler with the opening on the reversed side. Therefore, an indirect suction with the
misalignment of the tubes is fulfilled, meaning that a
mass flow through the compressor housing and losses
due to suction gas heating exist.

Figure 3: Indirect suction with proposed muffler

Figure 4: Indirect suction with closed muffler

The fourth configuration is called indirect suction with the process connector, which was introduced in Figure
1 to be the right upper tube of the compressor housing. The process connector adopts the function of the
suction connector here, as it is used as the inlet. As the refrigerant has to flow all around the housing before
it enters the baseline suction muffler located on the opposite side of the entire compressor, it can be assumed
that this design shows the highest losses due to suction gas heating. Therefore, the highest cylinder inlet
temperature and the lowest coefficient of performance can be expected. Nonetheless, this design certainly
guarantees that no liquid droplets will flow into the compression chamber.
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2.2 Geometry preparation
After the actual problem is adequately defined, geometry preparations are often necessary. It is a fact, that if a model has too
many subtleties, a lot of cells have to be invested in order to
capture them. However, this is usually not necessary for flow
simulations, as these niceties often do not make a significant
contribution to the flow, whereby meshing work, number of cells
and simulation time can be saved without having to accept a
Figure 5: Simplification of the crankcase
significant loss of accuracy. Aside from the removal of various
additions of the compressor housing, the simplification of the
crankcase visualized in Figure 5 was the biggest change. Due to protruding parts inside the crankcase, the
entire internal volume (represented in dark blue) was removed so that no fluid can enter it, although a small
amount of refrigerant would flow into the crankcase in reality as well.

2.3 Mesh refinement study
Next to the geometry preparation and the generation of a negative volume, the mesh refinement study is an
essential step when executing flow simulations, as it can significantly influence the accuracy of the solutions.
It is a fact, that the better and finer the computational mesh, the better the results. Nevertheless, there
are limits to the fineness of the mesh. On the one hand meshes with many elements require an extremely
high amount of computing effort to solve the equations and on the other hand the simulation time increases
exponentially the finer the computational mesh is. For this reason, the right balance must be found between
simulation time and accuracy of the results when generating a mesh. The concept of the mesh refinement
study is particularly suitable as a tool for weighing these meshing requirements.

Figure 6: First mesh with one million cells (left) and final mesh with 2.4 million cells (right)
Based on the negative volume of the baseline configuration, four different computational meshes with a
varying number of cells were generated in the first step. Next to the unequal number of cells, also the sizes
of the elements and the thicknesses of the inflation layers differ. Firstly, the coarsest mesh was the first mesh
with one million cells, which is represented in Figure 6 on the left side. Moreover, a mesh with two million as
well as one with three million elements were investigated. Last but not least, the finest mesh was the fourth
mesh with a total of four million cells. The results of the performed simulations showed, that a mesh with
two to three million cells is the right balance for this purpose. Using more than three million cells did not
change the accuracy, but only increased the simulation time. Nonetheless, using less than two million cells
had a negative effect on the precision of the results. Therefore, a final mesh with 2.4 million cells (visualized
in Figure 6 on the right side) was generated in the second step. Compared to the first approaches it achieved
a good accuracy with y+ values less than 1 in the suction muffler. Moreover, the simulation time for one
steady-state simulation took five hours and thirty minutes, which is acceptable. The big advantage of the
final mesh is rooted in the element size of the suction muffler, which is finely resolved in comparison to the
other meshes. As a result, this mesh is best suited to capture the effect of suction gas heating.
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2.4 Numerical simulation settings
According to Hassler (2021), after generating the computational mesh, the next steps of a CFD simulation include the
Table 1: Boundary conditions
definition of the boundary conditions, the choice of the turbulence model and the selection of the numerical methods
Condition -25/55
before solving the discrete equations. Furthermore, accuConstant inlet mass flow
5 g/s
rate numerical simulation settings implying concise boundRelative outlet pressure
0 bar
ary conditions are of keen importance in order to generate a
Motor temperature
97.7◦ C
consistent thermodynamic model. For this reason, the used
Cylinder temperature
113.4◦ C
boundary conditions for the condition −25/55 are shown in
Crankcase temperature
99.8◦ C
Table 1. This means that the heat transfers inside the differMuffler temperature
60◦ C
ent suction line designs are calculated at an evaporation temShell temperature
54.5◦ C
perature of −25◦ C (corresponding to 2.5 bar) and a condensation temperature of +55◦ C (corresponding to 25.7 bar).
Therefore, temperature values gathered by thermocouples installed in various positions inside the compressor were used as non-adiabatic wall boundary conditions for the surfaces visualized in Figure 7. Next to
the motor temperature, which is assumed to be 97.7◦ C, there is the cylinder temperature with 113.4◦ C, the
crankcase temperature with 99.8◦ C, the suction muffler temperature with 60◦ C and the shell temperature
with 54.5◦ C. In addition to this, a constant mass flow of 5 g/s gathered by averaging the mass flow through
the analyzed compressor for condition −25/55 and 3000 rpm is applied as an inlet boundary condition to
the inlet of the suction connector. Finally, the outlet boundary condition is implemented with a relative
pressure of 0 bar to the outlet of the suction muffler, which acts as the inlet to the compression chamber in
return. There, the cylinder inlet temperatures can be exported through a monitoring point.

Figure 7: Representation of the applied boundary conditions
In order to investigate the heat transfer inside the compressor, the total energy fluid model as well as the
Shear Stress Transport (SST) turbulence model were selected. According to Laurien et al. (2013), it is
suitable to use the SST turbulence model, as it is a combination of the K-ω and the K-ε model. Therefore, it
combines the advantages of modelling the turbulent flow both near and far from the walls. The further basic
settings include the analysis type which was selected to be steady-state, and the material of the fluid which
was R404a. Johnson (2019) stated, that R404a is a fluorocarbon mixture that consists of three refrigerants
used for low to medium temperature systems. The two main components are R143a (52%) and R125 (44%),
both of which are also fluorocarbon refrigerants. Nonetheless, the refrigerant R134a (4%) should also be
mentioned with the lowest proportion. Next to these simulation settings, a couple of monitoring points were
created, in order to follow the suction gas heating process of the refrigerant along the suction line on the
one hand, and to guarantee the convergence of the temperature values on the other hand. For this purpose,
1500 iterations were selected for the convergence control with a convergence criteria of 10−4 as a residual
target. Last but not least, the advection scheme was set to high resolution and for the turbulence numerics
the first order option was taken.
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3. RESULTS AND DISCUSSION
The main result of this paper relates to the calculation of the performance of the previously presented suction
line designs of a hermetic reciprocating compressor. In the first step, the cylinder inlet temperatures were
calculated using ANSYS software in order to subsequently be able to assess the impact of the design changes
on the performance using GT-Suite software. Therefore, next to the solutions of the CFD simulations, the
numerically determined coefficients of performance are discussed in this section as well. Last but not least,
the calorimeter measurements are introduced and used to validate the numerical solutions.

3.1 Numerical results
Figure 8 represents the location of the cylinder inlet temperature (CIT),
which is located in the middle of the suction muffler exit surface. Therefore, this temperature acts as the temperature of the refrigerant entering the compression chamber, which was numerically calculated with the
help of ANSYS software and exported by means of a monitoring point.
By applying the boundary conditions and using the settings previously
illustrated for each suction line design, the determined cylinder inlet temperatures can be summarized and used for further analysis. Particularly
when it comes to the investigation of the performance loss due to the misalignment of the suction connector and the suction muffler, the CIT and
other temperatures determined along the suction line can be used in GTSuite to calculate the effect of the design changes on the performance of
the entire compressor. It is a fact, that GT-Suite uses a one-dimensional
calculation of the heat transfer and cannot resolve the 3D flow like it is Figure 8: Location of the cylinpossible in CFD simulations. On the basis of previously determined tem- der inlet temperature (CIT)
peratures inside the suction muffler it is possible to apply these results
into the GT-model, whereby not only the temperatures of the refrigerant along the suction line including
the CIT were recalculated, but the COP of the compressor configurations was predicted as well. Due to the
influence of the cylinder inlet temperature on the compressor performance, it is crucial to present the results
of the flow simulations carried out with ANSYS and GT-Suite in Table 2.
Suction
CIT CFD
CIT GT

Table 2: CIT calculated using CFD simulations and GT-Suite
Direct B
Semi-Direct B
Indirect P
Indirect C
49.7◦ C
50.9◦ C
57.7◦ C
59.7◦ C
◦
◦
◦
49.7 C
52.4 C
61.9 C
63.6◦ C

Indirect PC
70◦ C
72◦ C

With regard to Table 2 and Figure 9, it is noticeable that the values for the cylinder inlet temperatures calculated using ANSYS software correspond to them determined with GT-Suite, although the one-dimensional
calculation shows slightly higher temperature values.

Figure 9: Illustration of the cylinder inlet temperatures calculated with ANSYS and GT-Suite
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Based on the solutions obtained by GT-Suite, next to the CIT of the semi-direct suction line with the baseline
(B) suction muffler (52.4◦ C), the results of the four new investigated suction line designs are also represented.
There, the direct suction line with the baseline (B) muffler shows the lowest cylinder inlet temperature of
49.7◦ C. Compared to these two configurations, all of the other three new designs have a higher CIT, which
means that a greater performance loss of the compressor can be expected. The indirect suction line with the
proposed (P) muffler has a cylinder inlet temperature of 61.9◦ C and the indirect suction line with the closed
(C) muffler still shows a higher CIT of 63.6◦ C. Lastly, the indirect suction line with the process connector
(PC) showed the highest cylinder inlet temperature of 72◦ C.
Figures 10 to 14 visualize the results of the 3D flow simulations carried out with ANSYS software. Cross-sections
with the plotted temperature values in the ZX plane are
shown for the baseline model and for the four examined
configurations. There, the suction gas heating process in
the respective muffler can be seen particularly well with
temperatures ranging from blue (low) to red (high). While
all three indirect suction line designs exhibit a pronounced
suction gas heating, this phenomenon is less distinctive
with direct and semi-direct suction leading to the cylinder inlet temperatures illustrated in Table 2.

Figure 11: Temperature of Direct B

Figure 12: Temperature of Indirect P

Figure 10: Temperature of Semi-Direct B

Figure 13: Temperature of Indirect C

Figure 14: Temperature of Indirect PC

Figure 15 represents the numerically determined effects on the cooling capacity, the power consumption and
the COP when increasing the CIT. There, the cylinder inlet temperatures of the five compressor configurations are plotted on the x-axis, the cooling capacity and the power consumption on the primary y-axis and
the coefficient of performance on the secondary y-axis. According to Equation 1, a reduction in the COP
is accompanied by a decrease in cooling capacity and an increase in power consumption, which can also be
inferred from these solutions. In addition, the results reflect the statement of Lang (2010), as the increase
of the cylinder inlet temperature by 20◦ C shows a reduction of the coefficient of performance by 6%.

Figure 15: Effects on cooling capacity, power consumption and COP when increasing CIT
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3.2 Experimental validation
Due to the necessity of validating the results which were generated by means of numerical flow simulations, experimental temperature measurements with thermocouples and the baseline compressor placed in a
calorimeter were carried out in the in-house laboratory. The main focus of the measurement was placed on
the refrigerant flowing through the semi-direct suction line. A total of five gas temperatures were measured
inside the baseline muffler, four of which are shown in Figure 16. The fifth temperature serves as the cylinder
inlet temperature illustrated in Figure 8. Type L thermocouple cables were installed inside the compressor
by drilling into the suction muffler and fixing them to the correct position with glue. When analyzing the
temperature curves visualized in Figure 17, it becomes apparent that the fourth termocouple measured a
temperature above the trend due to a failure of the thermocouple during the measurement. Actually the
thermocouple was misplaced from its original position and therefore it did not precisely measure the gas
temperature but rather the wall temperature. Nonetheless, the other temperatures from the measurements
at the given points agree fairly well with the results from the flow simulations. In point number 1, the
measured temperature is higher than the numerically determined temperature, which can be attributed to
the actual mixing of the fresh refrigerant with the already heated refrigerant in the compressor housing.

Figure 16: Gas Points

Figure 17: Validation of the CFD results with experimental data

4. CONCLUSIONS
In summary, the losses that occur in a real compressor have an enormous influence on the performance
compared to the ideal compressor. In particular, the heating of the refrigerant along the suction line influences
the temperature entering the cylinder on the one hand and the coefficient of performance of the compressor
on the other hand. When developing compressors, it is therefore of essential importance to examine them
for various physical processes, in particular suction gas heating. Nowadays, flow simulation programs that
can approximately calculate the heat transfer from the compressor components to the refrigerant are used
for this purpose. This means that the cylinder inlet temperature can be determined for a wide variety of
compressor configurations, from which the cooling capacity, the power consumption and the coefficient of
performance can be predicted. Being able to do this, the cylinder inlet temperatures determined by the
CFD simulations are used and supplied to another simulation model for example to GT-Suite. However, in
order to carry out the flow simulations first, one needs knowledge of a solid temperature profile so that an
exact thermodynamic model can be defined with regard to the non-adiabatic wall boundary conditions. In
addition, suitable inlet and outlet boundary conditions must be created for the conditions to be examined.
Last but not least, the refrigerant must be implemented from the database into the flow simulation program.
In order to accurately carry out a simulation for a real compressor, other losses like the heat transfer in
the cylinder due to the real compression, the pressure losses due to the inertia of the suction valve and the
refrigerant, the mechanical friction losses caused by the main bearings and the piston and the efficiency of
the electric motor must be taken into account next to suction gas heating. Since this is hardly possible due to
the numerical effort and the associated computing time, one mainly relies on the investigation of one physical
phenomenon. This was also done in the case of this work by basically investigating an ideal compressor with
the loss of suction gas heating. Due to the fact that the aim of this work was to evaluate different suction
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line designs with regard to the heat transfer and the suction of liquid droplets, this assumption was justified,
because all configurations were examined with the same boundary conditions which is why a comparison
between the individual designs makes sense. In conclusion it can be said, that the indirect suction with
the proposed suction muffler is the best choice to eliminate the problem of liquid droplets suction, as it
guarantees the misalignment of the suction connector and the suction muffler. This design also provides the
lowest increase in cylinder inlet temperature and consequently the smallest performance loss compared to the
other configurations. Of course, the compressor loses some performance when changing from the semi-direct
suction with the baseline muffler to the indirect suction with the proposed muffler, but the advantage of the
reduced suction of liquid droplets outweighs this.

NOMENCLATURE
COP
ϕ
P

Coefficient Of Performance
Cooling capacity
Power consumption

(-)
(W)
(W)
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